1. The potassium permeability of the blood-brain barrier (BBB) was determined in anaesthetized rats aged between 21 days gestation and adult using 86Rb+ as a marker for potassium.
In adult mammals, the blood-brain and blood-cerebrospinal fluid (CSF) barriers, situated at the cerebral capillaries and the choroid plexuses, form an impediment to the movement of solutes from blood to brain. These barriers are formed, respectively, by the capillary endothelial cells and the plexus epithelial cells. As well as acting as passive permeability barriers, both tissues have numerous transport systems (Bradbury, 1979) . Such systems are necessary to circumvent the barriers to move nutrients like glucose into the brain, to remove waste products from the brain and to provide a stable brain microenvironment. During brain development, compounds are required not only to enable function but also to support growth. It appears that this need is reflected by changes in some of the transport systems at the blood-brain barrier (BBB). For example, the transport of 8-hydroxybutyrate (Cremer, Braun & Oldendorf, 1976; Moore, Lione, Sugden & Regen, 1976) , lactate (Cremer et al. 1976; Cornford, Braun & Oldendorf, 1982) and some amino acids (Banos, Daniel & Pratt, 1978; Cornford et al. 1982 ) is enhanced in young animals. The extent to which there are also changes in passive permeability has been the subject of much controversy (Risau & Wolburg 1991; Saunders, Dziegielewska & Mollgard, 1991) , though most studies have shown a decline in BBB permeability to small polar compounds with age (Johanson 1989; Tuor, Simone & Bascaramurty, 1992) . Another study has also shown a marked increase in the transendothelial resistance of pial microvessels just prior to birth in the rat, indicating a tightening of the BBB (Butt, Jones & Abbott, 1990) . There is, however, a scarcity of quantitative measurements of BBB permeability in the fetus. Potassium, the major cation present in the brain, is essential for growth. The mechanism by which it crosses the adult BBB is uncertain, but it has a high permeability relative to sodium (Bradbury, 1979 (Table 8 .1)) and, during hyperosmotic stress, BBB potassium permeability is markedly increased even though there is little change in BBB passive permeability (Cserr, DePasquale & Patlak, 1987) . This suggests that there are specific endothelial potassium transporters and channels (Keep, Xiang & Betz, 1993b) . The purpose of this study was to measure developmental changes in BBB potassium permeability (using rubidium as a marker for potassium) in the rat in relation to changes in brain growth. Whether these changes reflect alterations in passive permeability or movement via specific endothelial transporters and channels was examined by also measuring developmental changes in urea, a passive permeability marker. The results serve to extend our knowledge of BBB permeability back into the rat fetus, to confirm that there is a marked change in BBB permeability around birth in the rat, and to suggest that there is a link between BBB permeability and the potassium requirement for brain growth. An abstract of some of this work has been published (Keep, Xiang, Beer & Betz, 1993a) .
METHODS
Brain uptake experiments Rationale. The isotope 86RbV was used to examine developmental changes in brain potassium uptake as it has a longer half-life than 42K+. Cserr et al. (1987) (Fenstermacher & Rapoport, 1984) .
Analysis. Brain influx rate constants (K,) for 86RbV and [14C]urea were measured using multiple-time point graphical analysis, the theory of which has been published previously (Patlak, Blasberg & Fenstermacher, 1983) . Under conditions of unidirectional uptake, the concentration of tracer in the brain (Cbr) is related to the concentration of tracer in the plasma (Cp) by the equation: Results from 86RbV (A, C and E) weight. They were then ashed at 400°C, redissolved in deionized water and the K+ and Nae content determined on a IL943TM
Automatic Flame Photometer (Allied Instrumentation Laboratory, Lexington, MA, USA) with CsCl as an internal standard. Brain growth rate was estimated as the increase in brain weight per day divided by the mean brain weight for the period studied. A similar calculation was used to estimate the rate of potassium and sodium accumulation per gram of brain.
Statistical analysis
Influx rate constants were calculated by linear regression analysis.
Comparison between influx rate constants were by analysis of covariance. Differences were considered significant at the P < 0 05 level, two tailed. Where necessary, a Newman-Keuls correction was used for multiple comparisons (Zar, 1984 was obtained, i.e. an error of 2-0%. As vascularity increases (Biir, 1980; Keep & Jones, 1990 ) and permeability decreases (see below) with age, the error in K, due to a lack of a red blood cell correction will be even smaller in younger animals. In 20-and 10-day-old rats, where brain red blood cell volumes could be measured, the error had decreased to 1P7 and 1P2% respectively. The results on 86Rb+ in the rest of the paper are presented without a red blood cell correction to facilitate comparisons with fetal and neonatal rats where such corrections were not feasible.
Two 86Rb+ experiments using 21-day-gestation dams are shown in Fig. 2 . Despite the high dose of 86RbV given to the dams (approximately triple the dose per gram given to the 50-day-old animals shown in Fig. 1 This results in an initial peak in plasma 86RbV followed by a gradual rise. The cortical [86RbV] of serially sampled fetuses gradually increases with time ( Fig. 2A) . Graphical analysis shows unidirectional uptake with a K1 of 42-5 + 4-3 Ial g-' min-' (Fig. 2C) . In contrast to 86Rb+, intraperitoneal injections of [14C]urea into postnatal rats resulted in a gradual increase in plasma isotope concentration to a plateau level after about 5 min (e.g. Fig. 1B ). Although there was some variation in plasma isotope concentration between animals sampled at the same circulation time, this variation was generally small. With urea, there was significant red blood cell uptake (Fig. 1D) (Fig. 2B) . The graphical analysis appeared linear (Fig. 2D ) indicating unidirectional uptake with a K1 of 18-4 + 1-9 ,al g-' min-'. However, there was a large y-intercept and the volume of distribution reached at the longest circulation times was approximately 40% of that for urea in the adult brain. Both of these facts suggest there was some efflux which may have led to an underestimate of the true K,.
Brain uptake rates during development
The influx rate constant for 86Rb+ showed a very marked (-68 %) decline between 21 days gestation and 2 days after birth. (P < 0.001, Fig. 3A and Table 1 ). There was a further, significant (P < 0 001) decline between 2 and 50 days after birth. This decline, however, was more gradual than the perinatal change. At all ages the cortical K1 was significantly (P < 0 05) higher than that found in the basal ganglia. Qualitatively, the influx rate constants for the passive permeability marker, [14C]urea, showed a similar developmental pattern to that found for 86Rb+ ( Fig. 3B and Table 1 ). There was an abrupt reduction in K1 (P < 0 001) between 21 days gestation and 2 days after birth followed by a further postnatal decline between 2 and 50 days after birth. [I4C]urea experiments in 10-and 50-day-old rats. At these ages, cisternal CSF was sampled and the brain was divided into anterior and posterior cortex, as well as basal ganglia. The results (Fig. 4) show that there was no significant decline in CSF urea K1 between the two ages, but that all three brain regions, including the anterior cortex where CSF influence is probably least (Smith & Rapoport, 1986) , showed a similar, significant (P < 0 05 or P< 0 01), percentage decline between 10 and 50 days (34-37 %). In contrast to the postnatal decline in rubidium K1 found in both cortex and basal ganglia (43 and 57% between 2 and 50 days for the respective brain regions), there was no significant change in the red blood cell influx rate constant for this ion (Table 1) . Brain growth, potassium and sodium Figure 5A shows the changes that occur in brain weight and brain total potassium and sodium during the developmental period studied. These data were used to calculate the fractional increase in brain weight per day and the increase in brain potassium or sodium per gram wet weight per day (Fig. 5B) . Qualitatively, the developmental changes in these parameters are similar to those found in the influx rate constants for rubidium and urea (Fig. 3 ).
There is a steep decline between the late gestation fetus and the neonate, followed by a further, more gradual, postnatal reduction.
DISCUSSION

Methodological considerations
Measurements of brain influx rate constants (K,) in small mammalian fetuses and neonates are hindered by technical problems in directly determining the brain exposure to isotope and the brain blood volume correction. In this paper, we have used a composite plasma curve and graphical analysis to circumvent these problems. This method does not account for red blood cell uptake, as found with 86RbV, but the error involved in measuring K, is small ( < 2 %).
The method gave 50-day-old cortical K1 values that are similar to those reported in adult rats using individual blood curves (Takasato, Rapoport & Smith, 1984; Cserr et al. 1987) . The small, gradual, postnatal decline in influx rate constant is similar to that found in a number of studies of small hydrophilic compounds (Johanson, 1989 ) including 42K+ (Katzman & Liederman, 1953) and [14C]urea (Parandoosh & Johanson, 1982) . A postnatal increase in the transendothelial resistance of pial microvessels, however, was not found by Butt et al. (1990) . This may reflect some vessel trauma in their studies due to increased difficulty in removing the arachnoid membrane with age. This suggestion is supported by the finding that an H2 histamine antagonist can increase the resistance of postnatal pial vessels (Butt & Jones, 1992) . In this study, we have extended isotopic influx measurements of 86Rb+ and [14C]urea back into the rat fetus. The physiological state of the fetal rat was only gauged by visual inspection of the fetuses and umbilical vessels prior to sampling and there is the possibility that progressive sampling of fetuses might affect the blood supply and BBB function of the remaining fetuses. However, inspection of the brain and blood data presented in Figs 1 and 2 show no obvious discontinuity as more fetuses are sampled. Also, Butt et al. (1990) have measured the transendothelial resistance of pial microvessels in fetal and neonatal rats. They found a marked (4-fold) increase in resistance just prior to birth indicating a tightening of the BBB. The results presented in this paper confirm that study using a different technique and using fetuses sampled periodically from the uterus rather than exteriorized for prolonged periods of time.
Developmental changes in brain uptake (Smith, Woodbury & Johanson, 1982) . The perinatal change in brain influx rate constant also appears to be due to a change in blood-brain rather than blood-CSF barrier permeability as Butt et al. (1990) showed a marked increase in the transendothelial resistance in pial microvessels at a similar time (although there could be a simultaneous change in the blood-CSF barrier). With compounds of low permeability, such as rubidium and urea, influx rate constants approximate the permeability surface (PS) products for the tissue, as blood flow does not limit uptake (Fenstermacher, Blasberg & Patlak, 1981) . Between 10 and 20 days after birth, there is a marked (3-fold) increase in brain vascularization in the rat (Bar 1980; Keep & Jones 1990 ). Thus, the postnatal decrease in K1 (PS) actually reflects a greater decline in the permeability (P) of the BBB. For example, between 2 and 50 days the PS for 86RbV declines from 12-2 to 7'0 ul g-min-1 (43% decrease), but the surface area (S) per gram increases from 4-8 to 11 2 mm2 mm-3, indicating a decline in permeability from 4-2 x 10-6 to 1.0 x 10-6 cm s-1 (76% decrease).
In the adult brain, the two compounds studied probably have different entry mechanisms. Urea appears to cross the BBB by diffusion rather than saturable transport (Fenstermacher & Rapoport, 1984) whereas rubidium and potassium probably cross the BBB by specific transporters and channels (Keep et al. 1993 b) . However, developmentally 86Rb+ and [14C]urea show qualitatively similar changes in influx rate constant suggesting a common mechanism for these changes, an alteration in the paracellular pathway. Structural changes in the tight junctions that link the BBB endothelial cells and limit movement through the paracellular pathway have been described during development (Stewart & Hayakawa, 1987; Schulze & Firth, 1992) . Implications The increased permeability of the BBB in the fetal rat may explain the poor regulation of brain interstitial fluid [K+] and [Ca2+] at that age (Jones & Keep, 1987 , 1988 . Whether the improvement in regulation around birth also coincides with a maturation in active ion transport mechanisms is unknown. The developmental changes in BBB permeability may not only affect the movement of solute from blood to brain but also bulk water flow. In the adult, interstitial fluid formation is probably driven by the asymmetrical distribution of Na+-K+-ATPase at the cerebral endothelial cells (Betz, Firth & Goldstein, 1980) , as the low hydraulic conductivity of the BBB (Fenstermacher & Johnson, 1966) is such that capillary hydrostatic pressure is probably an insufficient driving force. However, a leakier BBB in the fetus may result in greater flow due to hydrostatic pressure. Estimates of brain fluid secretion rate, from measurements of CSF pressure and resistance to drainage, show a dip in secretion around birth (Jones, Deane & Bucknall, 1987 Richardson, Herbert & Terlecki, 1976) , similar to the growth rate in the neonatal rat that also shows a 2-to 4-fold increase in permeability to urea. The similarity of these results suggests that the changes in BBB permeability are linked to brain growth rate. The possible temporal link between changes in brain growth rate and changes in BBB passive permeability suggests that the permeability of proliferating blood vessels is greater. This is the case in vessels that proliferate in certain tumors (e.g. Brem, Zagzag, Tsanaclis, Gately, Elkouby & Brien, 1990) . Whether the permeability is altered to increase nutrient supply to the brain is uncertain. However, an element necessary for brain growth is potassium, the major cation in the brain, and it is possible that developmental changes in BBB permeability may reflect the need for this ion. The adult BBB has a potassium unidirectional influx of about 50 #smol g-' day-' (assuming a plasma K+ concentration of 4-7 mm measured in the brain growth experiments and a K1 of 7 dul g-' min-'). As the capillary surface area in the 21-day-gestation fetus is about one-third that of the adult (Keep & Jones, 1990 ), a potassium influx of about 17 /smol g-' day-' would be expected at this age if there were no alterations in BBB function. However, in the fetal rat the net accumulation of potassium is about 23 /.4mol g-1 day-' suggesting that a BBB with the permeability of the adult could not provide the potassium needed for growth, even assuming that there was no potassium efflux from the fetal brain.
In the 21-day-gestation fetus, the potassium concentration of brain interstitial fluid is about 85% of that in plasma (Jones & Keep, 1987) . If, at that age, the unidirectional influx and efflux of potassium are determined by diffusion and thus potassium concentration, influx would only exceed efflux by about 15%. Thus, to accumulate 23 u4mol g-' day-', the BBB influx would have to be about 150 ,umol g-1 day-', or 3 times the adult influx rate constant (and 9 times the adult permeability assuming the surface area is one-third of the adult). Using 86RbV as a marker for potassium we found a 6-fold increase in influx rate constant between adult and fetus (an 18-fold increase in permeability). If changes in influx rate constants are linked to the rate of brain growth and the requirement for potassium, it should be possible to estimate when developmental changes will occur in the influx rate constants at the human BBB. Available evidence extending back to the 10-week fetus (Rao & Sarma, 1976) 
